Abstract: Understanding the relationship between abundance and distribution is central to ecology but may require broad-scale observations, especially for long-lived, mobile animals like caribou (Rangifer tarandus (L., 1758)). We tested the link between demography and spatial ecology of Newfoundland caribou, coincident with their numerical growth (1980s, 1990s) and decline (2000s). We analysed site fidelity, rate of movements, timing of migration, and population organization from telemetry observations of more than 600 adult females. Site fidelity was consistent across herds, intensifying near the onset of calving and peaking in late summer, a cycle that may reflect selection for postpartum security. Late-summer fidelity was stronger in the 1980s than 1990s, a trend that reversed itself during the 2000s. Weekly movements were lower in the 2000s, but with no clear differences between the 1980s and 1990s. Timing of migration changed: in the 2000s, spring migration of the Buchans herd occurred 3 weeks earlier and autumn migration 3 weeks later compared with the previous decade, the reversal of a 40-year trend. Herd affinities, revealed by fuzzy membership coefficients, diminished by the 2000s. These changes are consistent with the hypothesis of limitation by summer forage competition. Space use represents a useful gauge of numerical changes in caribou.
Introduction
One of the great truisms in ecology is that organism abundance and distribution are linked (MacArthur 1972; Gaston and Blackburn 2000) . This fundamental relationship is exemplified by species like caribou (Rangifer tarandus (L., 1758)) where changes in population size and space use often vary in concert. Numbers of migratory caribou may rise or fall by 100-fold in a few decades (Bergerud 1996; Vors and Boyce 2009; Couturier et al. 2010; Mahoney et al. 2011) , swings in demography that may move in tandem with size of the home range (Schaefer and Wilson 2002; Couturier et al. 2010) , fidelity to calving grounds (Gunn et al. 2012) , and timing of migration (Mahoney and Schaefer 2002) . Population structure, too, may be altered (Hinkes et al. 2005) .
Space use resides at the heart of caribou ecology. Indeed, this is the most mobile nonvolant, terrestrial animal on the planet (Fancy et al. 1989; Bergman et al. 2000) whose ecotypes are distinguished by the space-use strategies of females (Bergerud 1988 (Bergerud , 1996 . The legendary return of females to traditional calving grounds (Brown and Theberge 1985; Gunn and Miller 1986; Schaefer et al. 2000) sets the stage for population structure. At the same time, switches in herd affiliation by female caribou are not unusual (Boulet et al. 2007; Nagy et al. 2011) . Over the long term, whole calving grounds may shift, often associated with population peaks (Bergerud 1996; Hinkes et al. 2005; Taillon et al. 2012) . Understanding these patterns is valuable. Changes in space use may precede observations on demographic or habitat changes (Schaefer and Wilson 2002; Faille et al. 2010 ) and thus could serve as early indicators of numerical change. Nevertheless, long-term, individual-level studies of caribou are still rare (Hinkes et al. 2005; Boulet et al. 2007; Bergerud et al. 2008 ) and our knowledge of their spatial dynamics is still incomplete.
There is growing evidence that migratory caribou are regulated by summer food (Messier et al. 1988; Crête and Huot 1993; Couturier et al. 2010) , including those in Newfoundland (Mahoney and Schaefer 2002; Mahoney et al. 2011) . Over 3 decades, Newfoundland caribou displayed sustained numeric growth (r = 0.064; 1975-1997) to an estimated peak of 95 810 animals, followed by abrupt decline to approximately 32 170 animals (r = -0.099; 1997-2008) (Mahoney and Weir 2009 ). These trends have been synchronous across the island (Bergerud 1971; Mahoney et al. 1998 Mahoney et al. , 2011 and have been coupled with the diminished stature of adults, lower juvenile survival, and less time spent on the calving and summer grounds. Such patterns are consistent with the hypothesis of density-dependent competition for summer food (Mahoney and Schaefer 2002; Mahoney et al. 2011) . During most of this period, movements of female caribou were monitored with radiotelemetry. We capitalized on this opportunity to improve our understanding of the link between demography and spatial ecology of the genus Rangifer Hamilton Smith, 1827.
Here, we documented the geography of changing caribou abundance in Newfoundland, based on radio-tracking of more than 600 adult females during 1980-2010. We quantified some fundamental features of space use-site fidelity, rate of weekly movements, timing of migration, and population structure-with a particular focus on five herds with historic (1980s, 1990s) and recent (2000s) telemetry observations. Under the hypothesis of summer-food regulation, we predicted site fidelity and herd membership of females would decline and movements increase in the face of population growth and intensified forage competition. We also anticipated a shift in timing of migration. Over 4 decades, the Buchans herd displayed a pronounced change in peak migration, leading to a 2-month reduction in annual residency on the calving and summer grounds (Mahoney and Schaefer 2002) . With the recent numeric decline and relaxed food competition, we expected a halt or even a reversal to this longstanding trend. We tested these ideas by applying recent quantitative methods: interyear distances to assess site fidelity across the full annual cycle ; power laws to determine animal speed under varying relocation intervals (Schaefer and Mahoney 2003) ; and fuzzy classification to assign individuals to populations (Schaefer et al. 2001; Nagy et al. 2011 ).
Materials and methods

Study area and populations
Caribou ranges were typically composed of forests of balsam fir (Abies balsamea (L.) Mill.), black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.), and white birch (Betula papyrifera Marshall) and bogs with stunted black spruce and tamarack (Larix laricina (Du Roi) K. Koch). Barrens, lakes, ponds, and heaths were also widespread. Forestry activities were the primary human-caused disturbance. In 2000, clearcuts accounted 0.5%-1.2% of each caribou population range.
In most herds, adult female caribou undertook a short (30-100 km) northward migration from their winter ranges to congregate on open calving grounds. Most births occurred mid-May to early June.
Data collection and preparation
During 1980-1997, adult female caribou were live-captured and fitted with mortality-sensing very high frequency (VHF) radio transmitters. Radiotelemetry reconnaissance was carried out approximately fortnightly by airplane, more frequently (roughly every 5 days) during spring and summer. Radiolocations had an accuracy of ≤500 m based on repeated blind-test positioning of "dummy" transmitters. More recent (2004 More recent ( -2010 , and for the Gros Morne herd, during 1990s) observations were garnered from Argos platform transmitter terminals (PTTs) and global positioning system (GPS) collars. PTTs were programmed to transmit every 2 or 4 days; GPS collars to collect locations every 1, 2, or 4 h. Animals were live-captured and handled in accordance with guidelines from the American Society of Mammalogists (Sikes et al. 2011) .
Before analysis, we screened the automated telemetry data for errors. For PTTs, we selected the location with the best-quality class for each collar during each transmission period provided by Service Argos. We then calculated , an indicator of potentially erroneous fixes, determined by successive vectors of animal movement (Keating 1994) . Based on the distribution of logtransformed values, we deemed extreme locations ( > 6640 m; 2.2% of the best-quality locations) as erroneous. For the GPS data, we followed Lewis et al. (2007) and eliminated two-dimensional fixes with high dilution of precision (DOP > 5). Finally, to resemble better daytime VHF telemetry, we further reduced these copious data by selecting one GPS fix for each animal each day, closest to 1230 Newfoundland Standard Time (NST) during 0930-1530 NST.
Following Mahoney et al. (2011) , we tested for differences among decades, coincident with the growth (1980s), cessation of growth (1990s), and decline (2000s) of these populations. We conducted geographic analyses in MapInfo version 11 (Pitney Bowes Software, Troy, New York, USA), statistical computations in Statistica version 10 (Statsoft, Tulsa, Oklahoma, USA) or SigmaPlot version 12 (Systat Software, San Jose, California, USA).
Site fidelity
We developed a year-long profile of fidelity based on the distances between locations of an individual in consecutive years . Because VHF data were relatively sparse, we set 5 days as the resolution of the analysis. We calculated the distance between any two locations of an individual, separated by 363-367 days, for each 5-day period during the annual cycle, beginning with the first calendar day. We maintained the animal as experimental unit. For cases of >1 observation during a 5-day period, we used the mean of multiple distances during the period. We retained any period represented by ≥6 animals (Table 1) and created a year-long profile of each herd by plotting the mean (±1 SE) distance between consecutive-year locations against time of year. Dates were expressed as the mid-point of a 5-day period.
To test for decadal differences, we focussed on two herds with a nearly continuous profile of fidelity during late summer across ≥2 decades, i.e., the Middle Ridge herd (1980s, 1990s, 2000s) and Gros Morne herd (1990s, 2000s) . We assembled data on all animals with observations in every 5-day period, 27 July-31 August, and carried out repeated-measures ANOVA. After initial analysis, we noted the residuals failed to assume a normal distribution; we therefore log 10 -transformed the data to meet this assumption. For the Middle Ridge herd, ANOVA was followed by post hoc Tukey means tests. 
Movements and migration
The time between telemetry relocations differed substantially during our study. Because the speed of animal movement is sensitive to temporal resolution (Rowcliffe et al. 2012 ), we applied power laws to standardize observations to a 7-day interval (Schaefer and Mahoney 2003) . For each herd and decade, we assumed a common, underlying movement pattern, although we acknowledge that this approach ignores seasonal variation in caribou pathways. First, we computed the distance between all individual animal locations separated by 3-14 days. This data set contained 843 506 movements from 630 females. We then determined the slope (z) of log-log regressions of distance (Y; in kilometres) versus time (X; in days), separately for each herd and decade (Table 2) . We then modified each raw observation to a common time scale (X 0 ) of 7 days by computing an adjusted distance (Y ADJ ) with the formula (Thorpe 1975) :
We choose a common temporal resolution (X 0 = 7 days), a value within the range of data collection, to avoid the dangers of extrapolation. To maintain the animal as experimental unit, we then computed the mean adjusted distance (Y ADJ ) for each animal during each 7-day period of the year. Finally, we created a year-long profile of each herd and each decade by plotting the mean (±1 SE) distance travelled as a function of calendar date. Dates were expressed as the mid-point of each 7-day period. We retained any period represented by ≥3 animals (Table 1) .
To assess changes in timing of migration, we augmented a previous analysis of the Buchans herd, for which we had long-term observations originating in 1957 (Mahoney and Schaefer 2002) . For spring and autumn of 2006-2010, we determined the date of crossing by each female near the southern edge of the herd's calving and summer grounds. Because the annual sample size was modest (range = 4-25 animals), we used the median date each year rather than the mode. To evaluate whether timing changed, we evaluated two competing models of the date of peak migration versus year: linear regression (under the hypothesis of no switch in the long-term trend) against a piecewise, two-segment regression (under the hypothesis of a switch in migrational timing). We did this separately for spring and fall migrations. We compared the two models using Akaike's information criterion for small sample sizes (AIC c ).
Population structure
Similar to Bergerud (1972) , we delineated four seasons: spring (precalving, calving, early postcalving, and the early growing season; 1 May-30 June), summer (late postcalving and peak plant biomass; 1 July-30 September), autumn (breeding and after hard frost; 1 October-30 November), and winter (continuous snow cover; 1 December-30 April). We retained all animals with ≥3 locations per season and computed the median Universal Transmercator (UTM) coordinates (easting and northing) for each animal for each season. The analysis comprised 529 females (n = 100 in 1980s; n = 80 in 1990s; n = 349 in 2000s). We used the median UTM coordinates of each female during spring, the conventional time of year for delimiting herds (Roffler et al. 2012) , in the classification. Median coordinates of females during spring were highly correlated with their median easting (r > 0.90) and northing (r > 0.96) locations from the other three seasons, indicating high redundancy among seasons.
Following Schaefer et al. (2001) , we applied fuzzy c-means clustering to identify populations. We used FuzMe version 3.5c (Minasny and McBratney 2002) to compute membership coefficients for each animal in each group. We set the weighting exponent, m, which determines the degree of blurriness among groups, at a moderate level (m = 2.0). We looked for minima in the fuzziness performance index, F=, and the normalized classification entropy, H=, to indicate appropriate numbers of groups (k) from the classification.
To project the resultant populations in space, we assigned each animal to the group where its fuzzy membership coefficient was highest. For each group, we constructed 95% harmonic mean ranges using all median seasonal locations for two subsets of animals-all females in the group and only those females with strong affiliations (i.e., membership ≥ 0.8). To test for changes in the strength of herd affinities, we conducted Kolmogorov-Smirnov (KMS) tests on the individual maximum fuzzy membership coefficients between decades.
Population delineations are likely sensitive to the timing and location of collar deployment (Bethke et al. 1996) and contingent on representative sampling across the study area (Harwood 2009 ). Indeed, in Newfoundland, there was a shift in the principal season of live captures, from spring in the 1980s and 1990s to winter in the 2000s. To account for this potential confounding influence, we repeated KMS tests by matching season of collar deployment across decades-spring between the 1980s (n = 45) and the 2000s (n = 27) and winter between the 1990s (n = 16) and the 2000s (n = 197).
Results
Site fidelity
Female caribou displayed a distinct annual rhythm of fidelity. Continuous telemetry tracking during the 2000s uncovered seasonal patterns that were consistent across herds (Fig. 1) . As calving approached (mid-May), site fidelity intensified and became most pronounced postcalving. Although distances varied among herds, the timing of the most intense fidelity, when interyear distances were minimal, was consistently late summer: 1 August for the Grey River and Middle Ridge herds, 6 August for the Buchans herd, and 10 September for the Gros Morne and LaPoile herds. In contrast, females exhibited much weaker philopatry during winter when individuals were typically 35-45 km away from their previous year's location, albeit less (≈15 km) for the Gros Morne herd (Fig. 1) .
Across decades, the Middle Ridge herd exhibited substantial changes in late-summer fidelity (F [2, 43] = 13.91, P < 0.0001; Fig. 1 ) during the phases of population growth and decline. Tukey' tests revealed that during the 1980s, females returned, on average, 5.82 km closer to previous year's sites compared with the 1990s (P = 0.023). This pattern then reversed itself. During the 2000s, late-summer distances were 7.60 km less than during the 1990s (P = 0.0001) and marginally less (1.78 km) than the 1980s (P = 0.058). Females from the Gros Morne herd exhibited the same decadal Fig. 1 ). Historical shifts during other seasons could be interpreted only qualitatively and tentatively because of intermittent VHF monitoring. Nevertheless, patterns were broadly similar (Fig. 1) . Compared with previous decades, site fidelity was generally stronger during the 2000s in spring (Buchans and Gros Morne herds) and at calving (Gros Morne and Grey River herds), whereas in winter it appeared weaker (Buchans and LaPoile herds).
Movements and migration
The apparent movements of caribou were sensitive to temporal resolution. The slopes (z) of log-log regressions of the distance travelled versus time were consistently and substantially less than unity (Table 2 ; 0.239 < z < 0.784). The power formula removed any scale sensitivity. Once we adjusted observations to common, 7-day intervals for each herd and decade, distance (Y ADJ ) remained only faintly correlated with time between relocations (0.004 < r < 0.019).
With the exception of the Middle Ridge herd, weekly movement rates during the 2000s declined relative to the previous two decades (Fig. 2) . The magnitude of change, however, was variable among herds and most pronounced for the Grey River herd. For the Gros Morne herd, where automated Argos and GPS telemetry provided continual observations during the 1990s, diminished movement in the 2000s was clearly evident across the entire annual cycle (Fig. 2) . On the other hand, we discerned no obvious shifts in the Middle Ridge herd with observations during both the 1980s and the 1990s, the period of population growth (Fig. 2) .
The Buchans herd exhibited a reversal of a 40-year trend in timing of both spring and fall migrations (Fig. 3) . Piecewise, twosegment regression emerged as the superior model over linear regression during both spring (piecewise AIC c = 155.6; linear AIC c = 163.0) and fall (piecewise AIC c = 179.9; linear AIC c = 184.7). Buchans caribou in the 2000s migrated about 3 weeks earlier in spring (12 May in the 1990s, 27 April in the 2000s) and 3 weeks later in autumn (30 October in the 1990s, 18 November in the 2000s) (Fig. 3 ) compared with the previous decade. Such a switch was also apparent in the change in peak movements in both seasons for the Buchans herd (Fig. 2) .
Population structure
Fuzzy classification revealed that Newfoundland caribou could be delineated into herds; F= and H= exhibited several local minima (Fig. 4) . Although there was strong rationale for coarse delineations of two and four populations, we choose k = 8 because of its comparability with longstanding herd designations ( utility in caribou management. There was considerable ambiguity among these groups. The maximum membership coefficients of females were typically much lower than unity (median = 0.755; range = 0.272-0.996; Fig. 6 ), signifying that many females displayed partial herd affinities.
Maximum fuzzy membership coefficients declined from a median of 0.807 in the 1980s, 0.787 in the 1990s, to 0.724 in the 2000s (Figs. 6, 7 ). There were significant differences from the 2000s versus the 1980s and 1990s (KMS test, P < 0.025; Fig. 7) , signifying some erosion of herd identities. This pattern persisted when we controlled for season of live capture. Based on spring collar deployments, median fuzzy coefficients were significantly higher in the 1980s (0.863) than in the 2000s (0.664) (KMS test, P < 0.001); based on winter deployments, the median was also higher in the 1990s (0.813) than in the 2000s (0.693) (KMS test, P < 0.025). These geographic trends were readily apparent in the westward shift of LaPoile herd and southward shift of the Middle Ridge herd in the 2000s relative to earlier decades (Fig. 6 ).
Discussion
Use of space is fundamental to caribou. Indeed, the primary feature for distinguishing ecotypes is the distribution of parturient females-the strategies of "spacing out" or "spacing away" from predators (Bergerud 1988 (Bergerud , 1996 . The demographic consequences can be profound. For some populations, migration effectively allows females with calves to escape the regulatory effects of predation. These herds, in turn, appear regulated by summer food, typically revealed by changes in body size, diet quality, juvenile survival, recruitment, and time spent on the summer grounds (Messier et al. 1988; Crête and Huot 1993; Mahoney and Schaefer 2002; Couturier et al. 2010; Mahoney et al. 2011) .
Conversely, shifts in caribou distribution and movements can mirror numerical change. The growth and decline of the George River herd, for instance, was reflected in expansion and subsequent shrinkage in the sizes of the population range, calving grounds, and female home ranges (Messier et al. 1988; Schaefer and Wilson 2002; Couturier et al. 2010; Taillon et al. 2012) . Timing of movement, too, may vary. The Buchans herd represents a clear example. During the era of sustained growth, during 1957-2000, spring migration became progressively delayed while fall migration advanced; this represented a shift of 2 months over 40 years (Mahoney and Schaefer 2002) , which has abruptly reversed (Fig. 3) . Compared with a decade earlier, Buchans caribou in the 2000s spent roughly 6 weeks longer per year on their calving and summer range, a pattern revealed only after a half-century of observations. Hinkes et al. (2005) surmised that even 25 years of monitoring may be insufficient to gain understanding of caribou spatial dynamics.
Other spatial metrics of Newfoundland caribou coincided with their numerical rise and fall. Compared with the 1980s, spring and summer site fidelity deteriorated in the 1990s, then intensified in the 2000s (Fig. 1) ; rates of movement declined (Fig. 2) . The inverse relationship between breeding site fidelity and population density is a reiteration of patterns from other vertebrates (Pyle et al. 2001; Itonaga et al. 2011) . We cannot entirely discount, however, the potential confounding influences of changes in technology. For instance, with VHF telemetry in the 1980s and 1990s, we may have failed to detect long-distance movements (Koenig et al. 1996) and thus overestimated site fidelity. Even with massive field effort (for example, nearly 2500 VHF locations from 157 animals in the LaPoile herd), historic data were often too sparse for the assessment of site fidelity. Nevertheless, these shifts are consistent with the hypothesis that Newfoundland caribou are food-limited, a conclusion further supported by decades of morphological change (Mahoney and Schaefer 2002; Mahoney et al. 2011) . We surmise that, during the recent population decline, competition for high-quality forages (and the imperative to find them) has diminished, too.
Some behaviours were consistent across populations. Indeed, even though the annual return of female caribou to their calving range is well-known (Brown and Theberge 1985; Gunn and Miller 1986; Roffler et al. 2012) , our analysis demonstrates more pronounced philopatry during postcalving ( Fig. 1 ; Schaefer et al. 2000; Popp et al. 2011) . Such behaviour may represent the large maternal investment and selection for postpartum security by females for their calves. Indeed, the energetic and fitness costs of lactation exceed those of gestation (Clutton-Brock et al. 1989 ) and during summer the mortality of calves (<6-8 weeks of age) is high and variable (Mahoney et al. 1990; Bergerud 1996) . On the other hand, females displayed little or no tendency to return to specific parts of their winter range ( Fig. 1; Schaefer et al. 2000) . Such predictability implies the utility of site fidelity as an assay of habitat quality ( Faille et al. 2010) , which for migratory caribou may be driven by variation in density ( Fig. 1 ; Gunn et al. 2012) .
Philopatry underlies population organization. Relationships between individuals are the basis for delineating populations (Harwood 2009 ), whether genetic, demographic, or geographic (Wells and Richmond 1995) . Population bounds, however, may not be static. Over 3 decades, although population structure in the 2000s remained highly similar to conventional herd delineations in Newfoundland (Fig. 5 ; Mahoney and Weir 2009), female caribou exhibited lower herd affiliations (Figs. 6, 7) . The sparser distribu- tion of females in spring, detectable as lower herd affinities, may represent a compensatory response to degraded food resources on traditional calving grounds; the recovery of forages may take years (Hansen et al. 2007 ). Our results add to the growing evidence of long-term shifts in calving grounds, especially when coupled to population peaks (Bergerud 1996; Hinkes et al. 2005; Taillon et al. 2012) .
Abundance and distribution, noted Bergerud (1996) , are two sides of the same coin. Caribou in Newfoundland exemplify how animal abundance both governs and is governed by animal mobility. Following the population peak, female caribou responded with less movement, stronger site fidelity during summer, and some departure in herd structure from their traditional calving grounds. At least one population reversed a 40-year trend by migrating earlier in spring and later in autumn. Competition for summer forages appears to have relaxed, coincident with declining caribou numbers-a conclusion consistent with the recent improvements in body condition, recruitment, and calf survival (S.P. Mahoney, unpublished data). The similarity of patterns among these populations implies predictability, and hence value in monitoring caribou distribution and movements to detect and understand numerical change. 
